Investigation of abnormal sexual development in companion animals can allow for the elimination of inherited disorders from breeding populations while contributing to the understanding of the complex process of mammalian sexual development and differentiation. A 1-year-old mixed-breed cat, presented for neutering, was tentatively diagnosed as a male with bilateral cryptorchidism. During surgery, the surgeon identified gonads in an ovarian position and a complete bicornuate uterus. Both testicular and ovarian architecture in the gonads and Mullerian and Wolffian duct derivatives were identified histologically. The karyotype was that of a normal male (38,XY), and no causative mutation was identified in the feline SRY coding sequence amplified from genomic DNA. All features of the case were compatible with a diagnosis of SRY-positive 38,XY sex reversal, true hermaphrodite phenotype. To the authors' knowledge, this is the first report of this disorder in a domestic cat.
In mammals, sexual development is controlled at three sequential steps: the establishment of chromosomal sex, the determination of gonadal sex, and the development of phenotypic sex (reviewed in Meyers-Wallen 10 ). Normal XX and XY embryos develop similarly until the gonad differentiates as testis or ovary. If the gonad is removed at this stage, both XY and XX embryos develop as phenotypic females, indicating that a functional testis is critical to male phenotypic development. The Y chromosome carries the sex-determining region Y gene (SRY), which promotes the testicular pathway in the bipotential gonad. Both testicular and ovarian pathways are thought to be active and compete in the bipotential gonad. 4 Although SRY and SOX9 promote testicular induction (reviewed in Sekido and Lovell-Badge 14 ), they suppress beta catenin, a major effector of the ovarian pathway. 1 Similarly, RSPO1 regulates the WNT pathway and beta catenin production, which promotes ovarian induction and competes with SOX9 (reviewed in Tevosian and Manuylov 15 and Cool and Capel 4 ). In the presence of SRY, SOX9 expression is markedly increased, promoting the testicular pathway and blocking the ovarian pathway. In the absence of SRY and elevated SOX9 expression, beta catenin predominates, promoting the ovarian pathway and blocking the testicular pathway.
Testicular secretions directly or indirectly masculinize the internal ducts and external genitalia. These include Mullerian inhibiting substance (MIS, also known as anti-Mullerian hormone), testosterone, and insulin-like peptide 3 (INSL3). Although Mullerian (paramesonephric) ducts are present in both male and female embryos at the sexually indifferent stage, they regress soon after testicular differentiation under the influence of MIS but persist if MIS is absent during the critical period for Mullerian duct regression. The Wolffian (mesonephric) ducts are stimulated by testosterone to form the epididymis and deferent ducts, but they regress in the absence of testosterone. In precursors of the external genitalia, the enzyme 5 alpha reductase converts testosterone to dihydrotestosterone (DHT). In the presence of DHT, the urogenital sinus, urogenital folds, and genital tubercle form the prostate and male urethra, the scrotum, and the prepuce and penis, respectively; in the absence of DHT, these structures form the caudal vagina, vulva, and the clitoris, respectively. Testicular descent is a complex process that is poorly understood and likely to involve several genes, such as those controlling testosterone and INSL3 secretion in the testis, the androgen receptor, the INSL3 receptor, and other incompletely understood factors in the target organs.
The study of inherited disorders of sexual development in humans and other mammals has increased our understanding of the genetic control of the complex process of sex determination and differentiation. These disorders are of clinical interest as a cause of infertility, but a definitive diagnosis can be important in preventing adverse health outcomes associated with some of these disorders and in eliminating inherited disorders from breeding populations. Diagnosis is based on identification of chromosomal sex, gonadal and reproductive tract histopathology, and description of the internal and external genital morphology (reviewed in Meyers-Wallen 10 ). Inherited disorders of sexual development in cats have rarely been reported. 12 Most reports describe 39,XXY or 38,XX/38,XY chimeras that were investigated because the cats appeared to be males with a tortoiseshell or calico coat color. 7, 8, 11 This report describes a case of SRY-positive 38,XY sex reversal with a true hermaphrodite phenotype in a domestic cat, which to our knowledge, is the first such report in this species.
Case History
Upon physical examination of a 1-year-old mixed-breed male cat, presented for neutering, a normal penis and scrotum were identified, but testes were not palpable in the scrotum or inguinal region (Fig. 1 ). The cat was born and raised on a dairy farm with 5 littermates: 1 male that died as a young kitten and 4 females with apparently normal external genitalia. The parents and siblings of this cat were either already neutered or unavailable for study. Because resting serum testosterone concentration measured by radioimmunoassay (1.06 ng/ml) was within normal range (1-7 ng/ml) for an intact male, the tentative diagnosis was bilateral cryptorchidism.
Laparotomy for orchiectomy was performed. Both gonads resembled testes externally but were found in an ovarian position, caudal to the kidneys, and were attached to the proximal ends of a typical feline bicornuate uterus. The uterus contained a moderate amount of mucus. The gonads and uterus were surgically excised, fixed in 10% buffered formalin, and submitted in their entirety for histologic examination. The cat remained healthy during the 1-year postoperative follow-up period.
Peripheral blood was submitted for karyotypic analysis and sequence analysis of SRY. Chromosome preparations were generated from peripheral blood lymphocyte cultures according to standard techniques. 6 The protocol was modified for cat lymphocytes as follows: cell culture medium was RPMI 1640 supplemented with 15% fetal bovine serum, 1% penicillin/ streptomycin (Invitrogen, Carlsbad, CA), 0.2% primocin (Invitrogen), 8 U/ml sodium heparin (Becton Dickinson, Franklin Lakes, NJ), and 20 mg/ml Concanavalin A (Sigma, St Louis, MO); the cell culture was performed for 96 hours. Air-dried metaphase spreads were stained by GTG banding following the protocol of Seabright 13 using Giemsa stain (Sigma) and analyzed by bright-field microscopy. The entire feline SRY coding region was amplified by polymerase chain reaction (PCR) from genomic DNA extracted from cultured peripheral blood lymphocytes of the affected cat and from peripheral blood of a normal male control cat. To amplify the SRY HMG box region, primers (SRYA1 and SRYA2) and reaction conditions were used as described in Ciani et al. 3 The remainder was amplified with PCR primers flanking the coding region of feline SRY, designed in Primer3Plus (http://www.bioinformatics.nl/cgi-bin/ primer3plus/primer3plus.cgi). These reactions (25 ml) contained 1.25mM dNTPs, 2.0mM MgCl 2 , 1Â PCR buffer II (Applied Biosystems, Foster City, CA), 0.375 U of AmpliTaq polymerase (Applied Biosystems), 25 ng of genomic DNA, and 1.0 uM of each primer (forward, 5 0 -ACAACCTTCAACGGTTAGATAA-TTC-3 0 ; reverse, 5 0 -CCAGGCTGGATCAGGTAGAC-3 0 ). The thermal reaction profile was 3 minutes of incubation at 94 C, followed by 40 cycles of denaturation at 94 C for 30 seconds, annealing at 58 C for 20 seconds, and extension at 72 C for 45 seconds, followed by a final extension step of 10 minutes at 72 C. All PCR products were isolated and sequenced by automated dideoxy chain termination sequencing as previously Figure 6 . Mesosalpinx near ovotestis; cat. Cross sections of hypoplastic epididymal tubules described. 2 Publicly available feline SRY (NM_001009240, National Center for Biotechnology Information) was aligned to the sequences generated for the affected and normal male control cats, using multiple alignment software (http://www.ebi.ac.uk/ Tools/clustalw2).
Results
Multiple sections of both gonads, tissue adjacent to the gonads, and the uterus and cervix were processed routinely for histopathology. Findings were similar in both gonads, which were identified as ovotestes predominated by the testicular portion in the medulla, with a smaller ovarian portion forming a thin cortical rim (Figs. 2-5 ). The majority of each gonad consisted of seminiferous tubules containing few germ cells, intervening interstitial cells (Fig. 4, 5) , and a thin cortical rim of poorly differentiated ovarian tissue with rare primordial follicles. Oocytes, which were rarely observed, were frequently singular ( Fig. 3) . A few oocytes were partially mineralized.
Uterine tubes, along with fimbria and epididymides, were identified adjacent to each gonad ( Fig. 6 ). Within the wall of the cranial aspect of the uterine horns, deferent ducts were identified as coiled tubular structures lined by epithelium ( Fig. 7) . More caudal sections of the uterine horns did not contain deferent duct remnants.
Chromosome number was determined for 40 cells; all cells had 38 chromosomes. Fifteen cells were analyzed by GTG banding. All karyotyped cells had a normal male domestic cat complement of 38,XY (not shown). A single-sequence polymorphism was found at reference position No. 389 (base pairs) in both the control male cat and the affected cat (Table 1) . This variant presents in the heterozygous state (G/C) and occurs at the only coding position in SRY where wild cats (Felis silvestris [DQ095187], Felis margarita [DQ095169], and Felis libyca [DQ095168]) differ from domestic cats.
Discussion
Mammals with mutations that interrupt sexual development are frequently presented for abnormal genital development and/or infertility. The mammalian Y chromosome carries the gene SRY, which encodes a critical protein in the pathway that promotes testis differentiation in the bipotential gonad; therefore, mammals with an XY karyotype usually develop testes. However, XY individuals with mutations in SRY, or other important genes in the testis pathway, do not develop normal testes. Such individuals either fail to develop a gonad (gonadal dysgenesis) or develop a testis with abnormal architecture and function (gonadal dysplasia) or develop both testicular and ovarian architecture (ovotestes). The degree of phenotypic masculinization in such individuals depends on the amount of functional testis that develops, and it varies on the basis of the quantity and timing of testicular secretions that are necessary to masculinize the internal and external genitalia. For example, if MIS secretion is delayed or insufficient in quantity during the critical period for Mullerian duct regression, all or part of the Mullerian (paramesonephric) duct system persists (uterus, uterine tubes, cervix, cranial vagina). Similarly, if testicular testosterone is insufficient in quantity or timing during the critical period for androgen-dependent masculinization of the Wolffian (mesonephric) ducts, urogenital sinus, genital swellings, or genital tubercle, the internal and external genitalia fail to masculinize in whole or in part.
All features of this case can be attributed to abnormal gonadal sex determination compatible with the diagnosis of 38,XY true hermaphrodite, which is a type of XY sex reversal or XY disorder of sexual development. The karyotype is that of a normal male cat (38,XY), yet testicular development is abnormal. Apparently MIS was absent during the critical period for Mullerian duct regression, so Mullerian ducts persisted and developed into the uterus and uterine tubes. Because MIS is the first hormone secreted by the fetal testis, this finding suggests that testicular induction or differentiation in this cat was delayed, thereby resulting in delayed MIS secretion. Although testosterone production was evidently sufficient to stimulate the cranial mesonephric ducts to form epididymides and deferent ducts, the level was apparently insufficient to induce deferent ducts caudally at their critical period for masculinization. Sufficient testosterone was apparently available for conversion to DHT in the external genitalia, leading to unambiguously male development of the prepuce and scrotum. The ovotestes failed to descend, which could be due to a combination of factors, such as insufficient production of testosterone and/or INSL3 from the testis, abnormal timing of their secretion at critical periods in testis descent, or physical impedance of descent owing to gonadal attachment of the uterine horns.
Testicular tumors are associated with cryptorchidism in other species, but a clear association has not been demonstrated in cats. However, the standard recommendation to remove both gonads was followed. Furthermore, surgical removal of the reproductive tract is generally necessary for definitive diagnosis in most cases of ambiguous sexual development. In this case, no evidence of associated urinary tract abnormalities was identified, and the cat had no postoperative complications.
In 70% of human patients with similar XY disorders of sex determination, the mutation is unknown. 9 Several human patients with XY gonadal dysplasia or XY sex reversal have had mutations in SRY, 1 but a mutation was not identified in the SRY coding region of this cat. The heterozygous polymorphism at reference position No. 389 probably resulted from a sequence-specific anomaly. The lack of available electrophoretograms for the reference sequence and wild cats prevents direct comparisons. Regardless, this variant does not cause XY sex reversal, because neither domestic nor wild cats routinely demonstrate this phenotype. Mutations in other testis pathway genes have been identified as the cause of naturally occurring XY gonadal dysplasia in humans (reviewed in Hughes et al 5 and Matzuk and Lamb 9 ) and in transgenic mice (reviewed in Sekido and Lovell-Badge 14 ). These include heterozygous mutations in SOX9, in which only one mutant allele (haploinsufficiency) causes XY gonadal dysgenesis and skeletal malformations that are generally fatal (OMIM 114290). However, mutations, such as duplications affecting RSPO1 and WNT4, could lead to abundant beta catenin production, interfere with testis induction, and promote ovarian induction, leading to formation of ovotestes. Thus, the XY true hermaphroditism in this cat could have resulted from a mutation in the testis or ovarian pathway, but the exact molecular cause remains to be determined.
